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Isomeric C,H$ radical cations vinylacetylene (a), butatriene (b), methylene cyclopropene 
(c), and the nonaromatic cyclobutadiene (d), generated, respectively, from the neutral 
precursors 3-butyn-l-01 (I), 1,4-dichloro-2-butyne (2), benzene (3), and 7,8-benzotricyclo 
[4.2.2.02~5]deca-3,7,9-triene (4), undergo diagnostically different ion-molecule reactions with 
allene, isoprene, furan, and thiophene. It is speculated that adducts are generated by 
[Z + 21 cycloadditions with the hrst reagent and [4 + 21 Diels-Alder cycloadditions with 
lsoprene, furan, and thiophene. The initially formed cycloaddition adducts fragment rapidly, 
isomerize, or undergo further addition of neutral reagent to yield a complex set of products. 
With a pentaquadrupole mass spectrometer, MS3 experiments that employ three stages of 
ion mass analysis are used to help elucidate the ion-molecule reactions and to distinguish 
the isomeric C,Hz ions. Among these experiments, the reaction intermediate spectrum 
reveals the nature of the intermediates connecting the reactant to a selected product while 
the sequential product spectrum provides mechanistic and structural information on the 
adducts and other ion-molecule products. The unique combination of ion-molecule reac- 
tions with collision-activated dissociation employed here provides valuable information on 
the chemistry of ionized cyclobutadiene, including its proclivity to undergo [2 + 21 and 
[4 + 21 cycloadditions. (1 Am Sot Mass Spectrom 1992, 3, 518-534) 
I t has long been recognized that ion-molecule reac- tions in the gas phase are particularly useful for both exploring the intrinsic chemistry of isolated 
molecules and ions and diagnosing unknown ion 
structures [l]. Several important properties of isolated 
species, such as proton affinities of gaseous molecules 
[2] or nucleophilic reactivities of unsolvated anions 
[3], have been established through ion-molecule reac- 
tions. Moreover, recent studies show that individual 
substructures in polyfunctional ions can be identified 
with high specificity based on the products of ion- 
molecule reactions [4]. For example, the characteriza- 
tion of a set of highly functionalized terpenoids with 
neutral ethyl vinyl ether takes advantage of the fact 
that a vinyl addition product is observed for com- 
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pounds containing the &hydroxy carbonyl functional- 
ity [4a]. The most common method used for the 
characterization of ions is collision-activated dissocia- 
tion (CAD). In certain cases, however, this technique 
cannot differentiate isomeric ions because their frag- 
mentation is preceded by isomerization. In a few of 
these cases, ion-molecule reactions have been shown 
to minimize isomerizations that can complicate struc- 
tural studies. For example, ion-molecule reactions with 
ethyl vinyl ether are successful in distinguishing ion- 
ized cyclohexene oxide from cydohexanone in con- 
trast to the identical behavior due to isomerization 
seen in CAD spectra of these ions [4b]. Similarly, 
C,H,O+ isomers have been distinguished based on 
differences in their reactivities with NH,[4a], buta-1,3 
diene, and benzene [4d, 4e], and several CaHaO+ 
and C,H,S+ ions are distinguished by ion-molecule 
reactions with isoprene and with methylanisoles but 
are indistinguishable upon CAD [4j]. Ion-molecule 
reactions have also been used to derivitize, prior to 
CAD, ions with high isomerization proclivities [5a]. 
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For example, the CAD spectra of C,Hl isomers show 
only a few minor differences, but those of their 
adducts with benzene are substantially different, thus 
allowing quantitative analysis of the C,H: structures 
generated from various precursors [5b]. 
Gas-phase reactivity and structure characterization 
studies using ion-molecule reactions have employed 
many types of mass spectrometers [lf, lg, 2, 31. This 
article shows that such investigations are uniquely 
facilitated when using the pentaquadrupole mass 
spectrometer [6], which contains two separate reac- 
tion regions, each available for either ion-molecule 
reactions or CAD. Given the ability to mass-analyze 
ions before and after each of these regions with inde- 
pendent mass analyzers, a powerful set of MS3 capa- 
bilities is provided [7]. These experiments allow ac- 
cess to specihc types of information with significant 
advantages in chemical selectivity and speed of acqui- 
sition of data. MS3 scans have also been implemented 
using three- and four-sector as well as hybrid instru- 
ments [&lo], although low energy ion-molecule reac- 
tions are difficult to perform with the former [ll], and 
the pentaquadrupole is more versatile than the latter. 
Prior work has demonstrated the potential of MS3 
scans [7], including their ability to elucidate fragmen- 
tation patterns of octanones and to provide structural 
information on adduct ions, poly-isocyanates, and 
peptides [12-151. 
action kinetics of C,H: with benzene [IS] (and later 
acetylene [19]) provided support for the existence of 
both linear and cyclic ions, as first suggested by the 
thermochemical data. However, studies of metastable 
ions [17, 18b] and CAD [lBb] by most investigators 
supported the conclusion that the structure of C,H: 
is independent of the precursor and of the method of 
formation. [Our own CAD spectra at very low colli- 
sion energy-near zero-have also proved inconclu- 
sive. All isomers display the same set of product ions 
at very similar abundances, e.g., for ion d: m/z 52 
(lOO%), m/z 51 (16X), m/z 50 (14%), and m/z 26 
(21%).] These unresolved issues led Bowers [19] to 
reexamine the CAD spectra, and this work proved 
successful in distinguishing linear from cyclic &Ha 
structures by differences in the characteristic 
C,H:/C,H$ ion abundance ratios. This fmding re- 
opened the question of just how many isomeric struc- 
tures might exist, and a more recent CAD study 
indicated fhat structure c and the theoretically impor- 
tant cyclobutadiene radical cation (d) could be formed 
from novel precursors [20]. Indeed, the derivitization 
of ions a, c, and d with NH, confirmed their existence 
as distinguishable C,Hz isomers [Zl]. 
The C4H2 system has been under active investiga- 
tion for two decades. The available evidence indicates 
that both linear (a, b) and cyclic (c, d) forms are 
generated from ionized C,H, neutrals or as fragmen- 
tation products from larger molecular ions. Until re- 
cently, structural characterization of C,Hz isomers 
had proved particularly difficult, principally due to 
the fact that the internal energy deposited in order to 
produce structurally diagnostic fragmentations causes 
unintended isomerizations. The difficulty of structural 
assignment has increased interest in these simple 
odd-electron ions and has given them importance as a 
proving ground for new approaches to ion structural 
determination. 
Recent neutralization-reionization mass spectrome- 
try (NRMS) experiments [22] have shown distinct 
spectra for C,H> ions generated from various precur- 
sors. NRMS is a relatively new technique that has 
shown strength in addressing questions of ion and 
neutral structure [23]. In NRMS one seeks to neutral- 
ize an ion by charge exchange, without accompanying 
isomerization, and then to dissociate the correspond- 
ing neutral in a high energy collision process. As 
isomerization barriers for neutral molecules are typi- 
cally large, structural integrity is more likely to be 
maintained in the neutral than in the corresponding 
ion. Reionization of the fragments then provides a 
mass spectrum that characterizes the original ion 
structure [23a, 23b]. The neutralization-reionization 
(NR) spectra of ions a-d, produced from vinyl acety- 
lene, butatriene, 6,7-benzo-3-methylenetricyclo- 
[3.2.2.02,4]nona-6,8-diene, and 7,8-benzotricyclo- 
H - - 4- Hl+* H +.+; 
Ii 
a b 
Rosenstock et al. [16] performed some of the first 
ionization and appearance potential measurements on 
C,H, systems and suggested the existence of both 
linear and cyclic structures of the radical cation. In 
other early work, Baer et al. [17] measured average 
kinetic energy releases of metastable C,Hp ions and 
also calculated fragmentation rates to characterize the 
dissociating ionic species suggested to be the methy- 
lene cyclopropene radical cation (c). Ion-molecule re- 
C d 
[4.2.2.02,5]deca-3,7,9-triene, respectively, provided 
clear evidence that these four isomers represent dis- 
tinct, stable C,H: cations [22]. The four isomers were 
distinguished by structurally signihcant and repro- 
ducible differences in their NR spectra. A follow-up 
NRMS study by Zhang et al. [24] analyzed the com- 
position of C,Ht ions formed upon electron ioniza- 
tion of a large variety of organic molecules. The vast 
majority of the precursors, including benzene, were 
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a Ref 25 unless otherwise noted. 
bSee ref 22. 
‘Also 8.15 eV (adiabatic) 1261. 
“AH,? (neutral) = AH: (ion1 - IE. 
eAlso 8.10 eV; ref 27. 
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ref 26 
found to yield a mixture of 68% c (the most stable 
structure; see Table 1) and - 32% a. Notable excep- 
tions were 3-butyne-l-01 and 1,4rdibromo-2-butyne, 
which produce pure a and mainly b (56%, along with 
44% d), respectively. 
To apply for the first time to a sign&ant problem 
in ion chemistry the MS3 capabilities of the pen- 
taquadrupole mass spectrometer, we systematically 
examined the ion-molecule reactions of the C,H: 
isomers a-d with the unsaturated reagents allene, 
isoprene, furan, and thiophene. Dienes were chosen 
as the reaction partners because their gas-phase cy- 
cloaddition to radical cations has been studied exten- 
sively, particularly by Gross and co-workers, and the 
mechanisms of these reactions have been investigated 
[29]. Our major objectives are (1) to explore the bi- 
molecular chemistry of such novel gaseous ions as the 
cyclobutadiene (nonaromatic) and methylene cyclo- 
propene (aromatic) cations and (2) to probe the poten- 
tial of ion-molecule reactions in the pentaquadrupole 
to differentiate a complex system of isomers that may 
readily equilibrate. Parallels may exist with Diels-Al- 
der reactions of radical cations and protonated 
molecules in solution [30, 311 and those in the gas 
phase, and this possibility was also considered. 
Experimental 
All studies (MS/MS and MS3) were performed using 
a custom-built pentaquadrupole mass spectrometer 
[6a] with three mass-analyzing quadrupoles (Ql, Q3, 
Q5), typically operated at unit mass resolution, and 
two collision quadrupoles (42, Q4). Samples were 
introduced at room temperature via a vapor inlet 
probe and ionized by electron ionization (EI) of nomi- 
nal 70 eV electron energy and at a source temperature 
of approximately 200 ‘C. 
The isomeric C,H, radical cations a-d were gener- 
ated from 3-butyn-l-01 (I), 1,4-dichloro-2-butyne (Z), 
benzene (3), and 7,8-benzotricyclo[4.2.2.02~6]deca- 
3,7,9-triene (4), respectively [16, 19, 22, 241. As men- 
tioned above, 1 and 4 produce pure a and d, respec- 
tively, and 3 yields predominantly (> 2/3) c. Al- 
though 2 has not been used as a C,Hc precur- 
SOI previously, it is expected to form mainly b. This 
was determined in a precursor ion scan (8*/E) of 
the C,H: ions from 2, measured with the EBE tan- 
dem mass spectrometer at the University of Akron, 
which reveals that the majority of C,H: (90%) 
originates from [M-Cl]+ and a minor fraction (10%) 
is formed directly from M+.. The stepwise chlorine 
elimination, ClCH,-C = C-CHZCIC--t ClCH, = C 
-CH,+ + CH,=C=C=CH> most probably pro- 
duces ion b. The direct Cl, loss must proceed after 
ionization at the triple bond, which would allow the 
two terminal Cl atoms to approach each other; this 
mechanism can yield b, but cyclization during Cl, 
loss could also lead to d. 
Ion-molecule reactions were performed by mass 
selection of C,H: ions (m /z 52) in quadrupole 43, 
reaction in Q4 with a neutral gas, with the spectra of 
the products being recorded by scanning 45. 
Quadrupoles Ql and Q2 were operated as wide band- 
pass m /z filters in the radiofrequency (RF)-only mode 
to transmit all source ions to Q3. An alternative 
method employed mass selection of m/z 52 in Ql, 
reaction in Q2, and Q3 as the product mass analyzer, 
while operating Q4 and Q5 in the RF-only mode. 
When characterizing ion-molecule products by the 
sequential product scan (MS3) (see Table 2, row i), Ql 
was used to mass-select the precursor m/z 52 ion for 
reaction in 42, with Q3 being used to mass-select a 
particular product ion for CAD in 44. The final 
quadrupole Q5 was then scanned to,yield the sequen- 
tial product spectrum. These spectra were typically 
recorded using a nominally zero collision energy in 
J Am Sot Mass Spectram 1992, 3, 518-534 ION-MOLECULE REACTIONS AND CAD OF C,Ht 521 
Table 2. Scan symbolism, nomenclature, and examples of MS3 experiments 
Symbol’ Scan Typeb Examples 
01 Q2 Q3 Q4 a5 
(il .*.-cl Sequential product (521 Allene (911 Argon 0 
(ii) l * l 4 0 Sequential product (52) Cyclohexane 1521 Allene 0 
(iii) l + 0 w l Reaction intermediate (521 Allene 0 Allelle (131) 
‘A filled circle represents a fixed {or selected1 mass: an open circle, a variable (or scanned) 
mass. A dark arrow represents a defined lusually fixed) mass transition; a light arrow, a variable 
maas transition. 
bFor more details on this nomenclature, see refs 7 and 32. 
Q2 and lo-eV collisions in Q4 so that ion-molecule 
reactions would be restricted to 42 and CAD to Q4. 
Nominal sample pressures were typically 4 x 10m6 
torr, as monitored by the single ionization gauge 
located in the vacuum chamber. The neutral gases in 
the collision quadrupoles were typically present at 
nominal pressures of 7 x 10m5 torr. As the instrument 
is not differentially pumped, a slight amount of mix- 
ing of source and collision gases is expected, although 
the flow of gas out of the shrouded collision cells 
through the lens apertures minimizes the entrance of 
other gases into these regions. Reactions with all four 
neutral reagents were performed on several occasions 
under both low and high sample pressures (as mea- 
sured by the sum of all pressures recorded using the 
ionization gauge) fo check for cross-contamination 
with the neutrals introduced into the ion source. The 
product ion abundance ratios were very similar under 
all conditions, and no new peaks appeared in the 
spectra. 
To maximize the cross sections of ion-molecule 
reactions, ion translational energies were kept low. 
The translational energy is determined primarily by 
the voltage difference between the point of origin, 
usually the ion source, and the collision quadrupole. 
The collision energies given simply reflect the dc volt- 
ages on the collision quadrupole. Energies that maxi- 
mize exothermic ion-molecule reactions fall near zero 
eV. Although with a grounded source (as used here) a 
negative voltage is usually applied to the collision 
quadrupole in experiments with positive ions, it was 
noticed that a slight positive dc voltage, typically +2 
V, often enhanced the yield of ion-molecule reaction 
products. 
The spectra displaying the products of reactions of 
C,Hz with allene were acquired on several occasions 
under conditions in which different lens potentials 
and pressures of background, sample, and reagent 
gas (allene) were used. They were found to be repro- 
ducible only to within approximately f 15% _ For this 
reason and to minimize mass discrimination effects 
known to occur in quadrupole instruments [33], all 
instrument parameters-specifically the ionization en- 
ergy, lens voltages, quadrupole dc voltages, collision 
gas pressure, and sample gas pressure-were held 
constant for a given experiment while the complete 
set of ions was studied. When this was done, repro- 
ducibility in ion abundances was approximately f 5%. 
The data were acquired under computer control as 
single slow scans using an in-house acquisition pro- 
gram [32]. The MS2 scans were typically obtained in 
under 20 s, and the MS3 scans were acquired in less 
than 2 min. 
Compound 4 was available from earlier work in 
Fred W. McLafferty’s laboratory [22] and was synthe- 
sized from benzobicyclo[2.2.2]octadiene by Barry K. 
Carpenter and others [34]. AU other reagents were 
commercially available and used without further pu- 
rification other than a single liquid N, freeze-thaw 
cycle. 
Results and Discussion 
Reactions with Allene 
The reactions of C,H: with allene provide product 
spectra that allow distinction among three of the four 
isomers (Figure 1). Distinction between ions a and c is 
not accomplished (Figure la and lc), although the 
high relative abundances of ions at m/z 67, 79, and 
119 differentiate these from the other isomers. Buta- 
triene radical cation (b) has the highest m/z 64 and 
103 peak intensities relative to m/z 65 and 119 (Figure 
lb). Cyclobutadiene radical cation (d) yields the low- 
est intensity of several ions, specifically, m/z 79 rela- 
tive to m/z 65 and 91 (Figure Id). 
The contribution to these spectra due to reactions 
of the charge exchange product, ionized allene (m/z 
40), with neutral allene must be assessed in order to 
decide whether differences in charge exchange cross 
sections or ion-molecule reactivities underlie the dis- 
tinctions seen in Figure 1. To do this, the allene 
radical cation formed in the ion source was mass- 
selected and reacted with allene (Figure 2) under the 
same conditions as used to acquire the spectra shown 
in Figure 1. Peaks at the same masses are observed in 
Figures 1 and 2, but ion m/z 79 in Figure 2 is 
displayed as the most abundant product. The m /z 79 
ion also is the major product of the reaction of the 
allene radical cation with its neutral counterpart at 
thermal energies in an ion cyclotron resonance (ICR) 
mass spectrometer [35], indicating that the qualitative 
product distribution from this self-condensation is not 
susceptible to severe kinetic or internal energy effects 
(see below). The m/z 91/79 (and also the m/z 131/79) 
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Figure 1. Product spectra of the ion-molecule reactions of ions a-d (m/z 52), respectively, with 





ratio in Figure 2 is much smaller than those observed 
in the C,H$ spectra (approximately one-twentieth 
that observed in Figure Id); this indicates the minor 
Cole played by the charge exchange product, ionized 
allene, in the formation of m /z 91 and m/z 131, the 
smallest contribution of this process being observed 
for ion d. This minor role of the charge exchange 
channel is also substantiated below using reaction 
intermediate scans. 
The ionization energy of allene is greater than the 
ionization energies of the neutrals corresponding to 
ions a-d (Table 2); therefore, change exchange with 
allene is endothermic for all four ions studied, with 
reaction enthalpies of approximately 0.1 eV for a, 0.5 
eV for b, 1.4 eV for c, and 1.7 eV for d. The required 
energy is supplied from the translational energy of 
the ions. Based on the abundances of m/z 79 in 
Figure 1, the extent of charge exchange decreases 
from a to b to d as expected from the respective 
/ Ii 91 
Figure 2. Product spectra of the ion-molecule reactions of the endothermicities. However, ion c exhibits a much 
mass-selected allene radical cation (m/z 40) with neutral allene. larger preference for charge exchange than predicted 
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by the available thermochemical data. An issue also 
deserving attention in ion chemistry is the importance 
of the distinction of effects due to differences in inter- 
nal energy from those due to structure [19, 361. To 
evaluate this possibility, each of the four C4Hp ion 
populations formed from compounds 1-4 were gen- 
erated using 16, 20-, and 70-eV electron energies and 
reacted with allene. The resulting spectra (not shown) 
were very similar to the respective 70-eV spectra 
(major ion abundances were reproducible to approxi- 
mately +5%), which demonstrates the absence of 
sign&cant internal energy effects. However, as dis- 
cussed below, the vinylacetylene ion (a), when acti- 
vated in a separate collision process prior to ion-mole- 
cule reaction with allene, showed a small but de- 
tectable dependence on internal energy. The behavior 
of ions a and b was also reported to be relatively 
independent of ion internal energy in ion-molecule 
reactions with benzene at various pressures [37]. In 
their CAD study of C,Hf- ions Bowers and col- 
leagues [19] and McLafferty and associates [22, 241 
also indicate that significant internal energy effects are 
absent. 
Reactions with Isoprene 
These reactions yielded a distinctive spectrum for ion 
d, which shows relatively abundant reaction products 
at m/z 55, 77, 79, 91, 103, 105, and 173 (Figure 3a). 
The spectra for ions a, b, and c are all very similar; 
the spectrum of ion c is shown in Figure 3b. It is 
dominated by ions arising from charge exchange to 
form ionized isoprene (m/z 68), which subsequently 
reacts with isoprene neutrals to give m/z 67, 69, 81, 
93, 94, 95, 107, 108, 121, 137, and 149. This pathway 
was confirmed by recording the spectrum (not shown) 
displaying the products of ion-molecule reactions be- 
tween the isoprene radical cation (generated in the 
ion source) and isoprene neutrals. 
Thorough kinetic and MS/MS studies by Gross 
and co-workers have demonstrated that cycloaddition 
and charge exchange are the predominant reactions 
between alkene radical cations and dienes (or vice 
versa) in the gas phase [29]. For the butadiene molec- 
ular ion-methyl vinyl ether pair it was shown that 
exotherrrric charge exchange is faster and therefore 
precedes the butadiene to methyl vinyl ether molecu- 
lar ion cycloaddition [29a]. With isoprene as the di- 
ene, charge exchange is endothermic for c and d (0.6 
eV and 0.7 eV; see Table 1) but exothermic for a and b 
(-0.7 eV and - 0.3 eV). The reaction enthalpies can 
explain the significantly lower yield of charge ex- 
change products from ion d in comparison to ions a 
and b but cannot justify the high efficiency of charge 
exchange with ion c. Apparently, nonthermochemical 
factors also influence the reaction outcome, as is in- 
deed the case for cycloaddition in solution. 
Pericyclic reactions with radical cations in the pres- 
ence of an inert solvent have been studied extensively 
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Figure 3. Product spectra of the ion-molecule reactions of (a) 
ion d and (b) ion E with neutral isoprene showing reaction 
products (m/z 91, 105, 117, 119, 173) for d as opposed to 
predominantly charge exchange products for c. Spectra for ions 
a and b are similar to the spectrum of c. 
by Bauld and associates [31]. In solution the rates of 
such charge-catalyzed (“hole-catalyzed” according to 
Bauld) cycloadditions can be comparable to the rates 
of charge transfer between the dienophile radical 
cation-diene and independent of the thermochemistry 
of the latter process [31b]. Our present results agree 
with these hndings. The profound differences in the 
reactivities of ions c and d most likely result from 
their fundamentally different structures: Ionization 
converts cyclobutadiene, an electron-rich diene, into 
an electron-poor, reactive dienophile that should un- 
dergo facile 14 + 21 cycloaddition with isoprene ac- 
cording to Bauld and colleagues [31].* As an allylic 
cation, ion d should also exhibit enhanced reactivity 
* Bauld’s studies predict [4 + 21 cycloaddition for the 
dienophile+ /diem reaction but [2 + 21 cydoaddition for the 
dime ./dIenophiIe [31b]. 
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toward dienes based on Gassman’s theory [30]. In 
such charge-catalyzed cycloadditions the electrophilic 
site of the dienophile (d) attacks the nucleophilic site 
of the diene (isoprene). In ionized methylene cyclo- 
propene (c) the positive charge is delocalized in an 
aromatic ring, making ion c a much weaker elec- 
trophile and thus notably reducing its rate of cycload- 
dition to isoprene. A further reason for the lower 
reactivity of c versus d is that addition of isoprene 
removes aromaticity from c. 
Reactions with Furan and Thiophene 
Two heteroatom-containing compounds were also 
used as reagent gases to explore the reactions of 
C,Hc and to distinguish the isomers. Reacting each 
of the C,H: ion populations with furan resulted in a 
spectrum that showed unique products for ion d, 
allowing differentiation from the other isomers. This 
spectrum (Figure 4a) shows high abundances of m/z 
55, 81, 91, 105, 119, 131, and 159 ions (relative to the 
charge exchange peak at m /z 68, furan radical cation). 
The spectra for ions a-c are ail similar, and each is 
dominated by the charge exchange product, m/z 68, 
and m/z 136, the furan dimer, as exemplified for ion 
b in Figure 5b, with C,,H: addition products con- 
tributing little to these spectra. The MS/MS product 
spectrum resulting when the furan molecular ion re- 
acts with neutral furan shows m/z 136 as the only 
product and conhrms the assignment of this ion as 
the furan dimer. The fact that the reactive diene, 
furan, like isoprene, forms a unique adduct only with 
ion d verifies the distinctive reactivity of this ion. 
In ion-molecule reactions with thiophene, ion d is 
again very easily distinguished from the other iso- 
mers, and for the same reasons. Its spectrum (Figure 
5a) displays little of the charge exchange product, the 
thiophene radical cation at m/z 84, but gives an 
abundant m/z 135 ion, and severaI medium to low 
abundance products at m/z 91, 97, 103, 110, 121, and 
175 are present. Although ions a-c react predomi- 
nantly by charge exchange (m/z 84) as observed pre- 
viously in their reactions with isoprene and furan, ion 
a forms a unique stable adduct at m/z 136, which 
allows distinction of this ion (Figure 5b). Ion b yields 
a product spectrum very similar to that of ion c. 
Although charge exchange dominates the behavior 
of ions a-c, the product, ionized thiophene (m /z 84), 
was shown not to undergo significant ion-molecule 
reactions with neutral thiophene by generating thio- 
phene radical cations in the ion source and reacting 
them with the neutral in 42. Ionized thiophene was 
shown to be much less reactive relative to furan in 
that no dimer was formed and higher neutral gas 
pressures were necessary to observe any products. 
The product spectrum displays the selected ion at 
m/z 84 (100%) and other products at m/z 98 (29%), 
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Figure 4. Product spectra of the ion-molecule reactions af (a) 
ion d and @) ion b with neutral furan showing reaction prod- 
ucts (m/z 81, 91, 105, 119, 131, 59) for d as opposed to 
primarily charge exchange products (m/z 68, 136) for b. Spectra 
for ion a and c are similar to the spectrum of b. 
contributes significantly to the m/z 52 product spec- 
tra shown in Figure 5. 
The characteristic [103+]:[119+] and [64+]:[65+] ion 
abundance ratios displayed for isomer b in Figure lb 
as well as the [135+]:[136+] ratio for isomer a in 
Figure 5b show that isomer c is the major constituent 
of the C,H;- population detected for benzene (3) 
(Figures lc and 5c) under the low energy collision 
conditions used here, in good agreement with recent 
NRMS studies [22, 241 proposing that the population 
of ions formed from 3 under 70 eV EI is a 32:68 
mixture of a and c. Others have proposed ratios of 
60:40 + 5 (15 eV EI) [18a], 53:47 f 8% (150 eV EI) [19], 
0:lOO (Cl) 1191, and more recently 60:30 with a 10% 
contribution from b 1371. As the distinction of isomer 
d is particularly clear in all four sets of ion-molecule 
product spectra, one can be confident in assigning a 
negligible contribution of this ion to the C4Hp popu- 
lation of precursors 1, 2, and 3. 
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Figure 5. Product spectra of the ion-molecule reactions of (a) 
ion d, (b) ion a, and (c) ion c with neutral thiophene showing 
reaction products (m/r 135, 136, and 175) for d as opposed to 
primarily charge exchange product (m/z 134) for a and E. The 
spectrum for ion b is similar to that of c. 
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Sequential Product MS3 Scans 
It is possible to characterize the products of the ion- 
molecule reactions discussed above using the MS3 
capabilities of the pentaquadrupole instrument. Al- 
though MS/MS has been successfully used to probe 
ion or adduct structures following reactions in the ion 
source [5], relatively few studies have been performed 
by mass-selecting ions prior to reaction and subse- 
quent CAD of the products. This method greatly 
simplifies interpretation of reaction pathways be- 
cause, unlike studies employing reactions in the ion 
source, the precursor ion is known with certainty. 
Two of the MS3 scans used here are the sequential 
product spectrum, symbolized in Table 2 as l = l --) 0, 
and the reaction intermediate spectrum, l 4 0 -+ l . In 
one series of experiments [Table 2, row (i)], the se- 
quential product scan was performed on C,Hc ions 
that were mass-selected using Ql (indicated by the 
iirst tiled circle), made to undergo ion-molecule reac- 
tions with allene in Q2 to give products from among 
which a particular ion was mass-selected by Q3 (indi- 
cated by the second tilled circle), and then dissociated 
by collisions with Ar in Q4. The products of CAD 
were then mass-analyzed (untilled circle) using Q5 to 
record the spectrum. All three mass-analyzing 
quadrupoles are operated as mass titers in this bxper- 
iment, Ql and Q3 being set to select ions of particular 
mass-to-charge ratios while Q5 is scanned. 
The sequential product scan was applied to exam- 
ine reaction mechanisms and to investigate the struc- 
tures of the products of ion-molecule reactions of the 
cyclobutadiene radial cation. This scan, performed by 
reaction of ion d with allene in Q2, mass selection of 
m/z 91 by 43, and dissociation in 44 by colliiion 
with argon while scanning Q5 to record the CAD 
products, produces a spectrum (Figure 6c) that shows 
an intense fragment ion at m/z 65 from loss of acety- 
lene. Similar spectra (not shown) were observed for 
ions a-c. The (C7H2)* adduct itself fragments on 
formation, thus disallowing its mass selection for 
structural studies using MS3 experiments. The low 
pressure used in the reaction quadrupoles (see “Ex- 
perimental”) results in a lack of stabilizing collisions 
and leads to decomposition of the incipient (C,Hk)* 
adduct into C7H: (m/z 91) + H, (Scheme I). Similar 
“condensation” behavior has been observed by Gross 
and co-workers for cycloadditions taking place in an 
ICR mass spectrometer in which low pressures are 
also used [29]. The tropylium ion is a likely candidate 
for ion m/z 91, but C7H: isomers cannot be distin- 
guished by low energy CAD experiments. 
The initial reaction products of the C,H:, isomers 
most likely arise via cycloaddition, which has been 
demonstrated to be the predominant reaction be- 
tween ionized alkenes and dienes [29b]. The pathway 
by which ion m/z 91 in Figure 1 is formed can be 
rationalized by an initial [2 + 21 cycloaddition of the 
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isomeric m/z 52 ions with allene to yield C,Hi 
(Scheme I).* This ion is produced with sufficient in- 
ternal energy (223 kJ/mol for d) [25] to undergo rapid 
fragmentation by hydrogen atom loss to form the 
stable m/z 91 ion. Allene addition to d is exothermic 
by AH’ = AH! (adduct) - AH;(d) - AH: (allene) = 
-223 kJ/mol [22, 251. H, loss to form the tropyiium 
ion is also exothermic by AH? (tropylium) + AH! 
(H,) - AH! (adduct) = -139 kJ/mol [25]. In fact, all 
sixteen reported mass spectra of C,H; molecules 
show the loss of a hydrogen atom as the most abun- 
dant fragment [39]. 
Figure 6a shows that the sequential product spec- 
trum of the ion-molecule product m/z 131, C,,H&, 
displays m/z 91 as the major fragment, along with 
ions at m/z 65, 103, 115, 116, and 129. Formation of 
m/z 131 can be rationalized via allene addition to m/z 
91 (C,H;), as shown in Scheme I. Reversion of this 
*The mechanistic rationalizations in the reaction schemes follow 
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Figure 6. Sequential product spectra for the reaction of ion d with allene in Q2 followed by Q3 
mass selection, in different experiments, of products 131, 119, 91, and 79 for subsequent 
dissociation using lo-eV collisions in Q4. 
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Scheme I
reaction then leads from m /z 131 to the major m/t 91 
fragment. The ion-molecule product ion, m/z 131, 
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methane to yield m/z 129, 116, or 115, respectively. 
The m/z 129 fragment can dissociate further to m/z 
IO3 by acetylene loss and hence yield m/z 77 by loss 
of a second molecule of acetylene. Scheme I summa- 
rizes the rationalizations made on the addition and 
fragmentation processes involved in the ion-molecule 
reaction of ion d with aIlene. 
The m/z 119 and 79 ions observed in the C,H: 
product spectra (Figure 1) are proposed to be formed 
by the cycloaddition of neutral allene to allene radical 
cations formed in Q2 by charge exchange with C,H:. 
Indeed, similar sequential product spectra to those 
shown in Figure 6b and 6d are obtained if, instead of 
ion d, ionized allene (m/z 40) is selected as the 
precursor for reaction with neutral allene. The m/z 
119 and 79 products are therefore assigned as the 
allene trirner and dimer (each minus a hydrogen 
atom), respectively (Scheme II). Bowers et al. [35] 
have proved this pathway to m/z 79 formation by 
double resonance ICR studies. Our use of a four- 
centered intermediate for the initial (C,Hk)* adduct 
is based on deuterium-labeling data employed to ex- 
plain ethylene loss [35]. The pathways that yield m/z 
91 and 131 from allene self-condensation (Figure 2) 
are more complex. Based on the sequential product 
spectrum (Figure 6b), m/z 119 fragments by CzH, 
loss, producing m /z 91. With the presence of neutral 
allene, this ion can form m/z 131 (Scheme II). The 
sequential product spectrum for m/z 79 (Figure 6d) 
shows extensive fragmentation of this ion by hydro- 
gen loss to m/z 77 (very likely the phenyl cation) and 
further fragmentation to yield m/z 51, both processes 
being consistent with a protonated benzene structure 
for m/z 79 (Scheme II). 
Reactions of ion d with isoprene were also exam- 
ined using sequential product scans (Figure 7) and 
conclusions on reaction mechanisms are summarized 
in Scheme III. These spectra were acquired using 
isoprene in Q2 and mass-selecting, in turn, product 
ions m/z 173, 119, 117, and 105. In addition, the 
same experiments were done for m /z 103, 91, and 79 
(not shown), again using CAD in Q4. The [4 + 21 
Diels-Alder cycloaddition product ion (ion d + 
isoprene) of m /z 120 is not observed, suggesting that 
the expected addition product has enough internal 
energy to undergo fast fragmentation. Two expected 
fragment ions, m/z 119 and 105, expected from the 
cycloaddition product by loss of a hydrogen atom or a 
methyl radical, respectively, are observed, The se- 
quential product spectrum for the sequence m /z 52 + 
m/z 119 + products (Figure 7b) shows fragmentation 
to give m/z 117,104, 103, 91, and 79 by elimination of 
hydrogen, a methyl radical, methane, acetylene, and 
C,H,, respectively. It is also likely that ions m/z 117, 
91, and 79 fragment further to m/z 115, 65, and 77 by 
loss of hydrogen, acetylene, and hydrogen, respec- 
tively. The spectrum for ion m/z 91 (not shown) 
reveals that this ion, like the products of reaction of 
C,Hp with allene, loses acetylene, forming m/z 65. 
J + 
C&-h+ =.= 
m/z119 - 0 
mlz79 










Again, the tropylium structure is tentatively assigned. 
Ion m /z 91 is also formed by acetylene loss from m/z 
117 (Figure 7c), which also fragments to m/z 115 by 
hydrogen loss. Eliminations of hydrogen and acety- 
lene from m/z 105 (Figure 76) give ions of m/z 103 
and 79, respectively, and further loss of acetylene and 
hydrogen yields m/z 77. Ion m/z 77 is the major 
fragment in the sequential product spectra of m /z 103 
and 79. All of these processes are accommodated by 
the ion-molecule reactions and dissociations sug- 






































Figure 7. Sequential product spectra for the reaction of ion d with isoprene in Q2 followed by Q3 
rna~s selection of products (a) m/z 173, (b) 119, (c) 117, and (d) 105, for subsequent dissociation 
using 10-e-V collisions in Q4. 
In addition to the [4 + 21 reaction and its products 
discussed above, products that arise from reactions 
that incorporate two neutral isoprene molecules are 
also seen. The product ion at m/z 173, observed in 
Figure 3a, is formally the result of addition of two 
isoprene molecules to m/z 52 accompanied by methyl 
radical elimination. Information on the nature of this 
ion was obtained by recording the sequential product 
spectrum m/z 52 + m/z 173 + products (Figure 7a). 
It is striking that this spectrum does not show ions of 
m/z 77 or 79; rather, the primary fragments at m /z 
131 and m/z 117 are generated by loss of alkenes of 
42 and 56 u. This suggests the presence of a cy- 
cloalkene unit in a nonaromatic structure analogous to 
the structure of the monoaddition product, m/z 120, 
shown in Scheme III. 
The sequential product scans recording the frag- 
mentation processes undergone by the products of 
reaction of C,H> with furan (Figure 8) and thiophene 
(Figure 9) were also valuable in suggesting reaction 
mechanisms and fragmentation pathways (Scheme 
IV). For the C,Hz-furan reactions, the products at 
m/z 159, 131, 119, and 105 (and also 91, 81, and 65, 
data not shown) were mass-selected in turn prior to 
CAD. For the thiophene reactions, Q3 was set to 
select the products m/z 135, 121, 110, and 103 (and 
also 175, 97, and 91, for which data are not shown), 
The initial Diels-Alder cycloaddition adduct between 
C,H; and furan or thiophene (Scheme IV) appears 
again to be unstable and to fragment by loss of a 
hydrogen atom to form m/z 119 (X = 0) and 135 
(X = S), by loss of a methyl radical to form m/z 105 
(X = 0) and 121 (X = S) or by loss of a C,H, radical 
to form m/z 81 (X = 0) and m/z 97 (X = S). The 
sulfur adduct, m/z 136, fragments by loss of acety- 
lene or an HS radical to yield m/z 110 and 103 
(Scheme IV). The greater stability of the hydrogen 
atom loss fragment from the sulfur adduct versus that 
from the oxygen adduct, reflected in the higher rela- 
tive abundance of m/z 135 over m/z 119 (Figures 4a 
and 5a), is easily rationalized by the larger polarizabil- 
ity of the sulfur atom. The greater stability of the 
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thiophene adducts is also evident from the observa- 
tion of an intact adduct with ion a in Figure 5b. The 
sequential product spectra for m/z 52 -+ m/z 119 and 
135 (Figures 8c and 9a) show that the ion-molecule 
products readily lose CX to form ion m/z 91. The 
sequential product spectrum for this ion, m/z 91, 
generated from mass-selected C,H:, displays m/z 
65 as the major fragment. The m/z 91 ion is proposed 
to react further with furan and thiophene (e.g., via 
electrophihc addition or a further cycloaddition) to 
form m/z ‘159 (X = 0) and m/z 175 (X = S). This 
argument is supported by the sequential product 
spectra for m/z 159 (Figure 8a) and m/z 175, which 
show mainly the retroaddition fragment at m/z 91, 
formed by loss of 68 u (furan) and 84 u (thiophene), 
respectively. The observation of the m/z 131 frag- 
ment indicates that the product of addition to m/z 91 
is not simply a loosely bound complex; that is, cova- 
lent bonds are formed. The m/z 131 ion seen in 
Figure 4a fragments (Figure gb) to a similar set of 






with allene (Figure 6a). This indicates similar struc- 
tures for both m/z 131 ions and supports the pro- 
posed fragmentation of m/z 159 (Figure 8a) to m/z 
131 by loss of CO and not C,H,. Ions m/z 105 and 
121 (Figure 9b) fragment by losing CX to yield m/z 
77; the ion of m/z 105 also yields m/z 79 by loss of 
acetylene. Fragmentation via acetylene loss from m/z 
103 yields m/z 77 (Figure 9d). These pathways are 
summarized in Scheme IV. 
The C,H: -thiophene product is of special interest 
because m /z 110 is an odd-electron ion generated by 
acetylene elimination from the adduct. This rear- 
rangement process occurs in the thiophene adduct 
but not in its oxygen analog, as is frequently the case 
for complex rearrangements [40]. Structural informa- 
tion was obtained by recording the sequential product 
spectrum, which reveals fragmentation mainly by CS 
(m/z 66) and acetylene (m /z 84) elimination (Figure 
SC)_ The very low abundance of the fragment at m/z 
77 corresponding to SH radical loss as weIl as the lack 
of some expected fragments for thiophenol-for in- 
b 
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Figure 8. Sequential product spectra for the reaction of ion d with furan in Q2 followed by Q3 
mass selection of products (a) m/z 159, (b) 131, (c) 119, and (d) 105, for subsequent dissociation 
using lO-eV collisions in Q4. 
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Figure 9. Sequential product spectra for the reaction of ion d with thiophene in Q2 followed by 
Q3 mass selection of products (a) m/t 135, (b) 121, (c) 110, and (d) 103 for subsequent dissociation 
using IO-eV collisions in Q4. 
stance, m/z 65 and 69 [39]-rules out this structure 
m/z 110. The high abundance of the CS loss fragment 
suggests instead a thiocyclohexadiene or thiocyclo- 
heptatriene structure (Scheme IV). The fact that both 
m/z 97 and m/z 81 show very little fragmentation, 
displaying m /z 53 (loss of CX) as the only (for m/z 
81) and major (for m /z 97) fragment in their sequen- 
tial product spectra, suggests that they have very 
stable structures, and the pyrylium and thiopyrylium 
cations are likely candidates, respectively (Scheme 
IV). 
lntemal Energy Efects 
A second type of sequential product scan experiment, 
row (ii) in Table 2, was used to examine the effects of 
changing ion internal energy prior to ion-molecule 
reactions; C,Hz was again selected using Ql, but 
collisions with an inert reagent, cyclohexane, occur in 
Q2 at 5 and 100 eV collision energies prior to ion- 
molecule reactions with allene in 44. The prior colli- 
sions are not used to change the nature of the ion 
because m/z 52 was mass-selected in both Ql and 
43; instead, an opportunity was provided for colli- 
sional activation or deactivation. Q3 was then used to 
reselect m /z 52 prior to ion-molecule reaction with 
allene in Q4. The experiment was intended to confirm 
the absence of signticant internal energy effects on 
the structural assignments made on the basis of ion- 
molecule reactivity. For the two m/z 52 isomers ex- 
amined, those from precursors I and 4, the spectral 
changes produced were minor when 5-eV collisions 
were used in an attempt to deactivate any excited 
ion-molecule products. However, activating 100-eV 
collisions showed an effect that was slightly larger for 
the ion generated from precursor 1 than 4. The largest 
difference is observed for m/z 79, the product of 
allene addition to allene radical cation formed via 
charge exchange (Scheme II). The abundance of this 
ion changed from 69% to 108% relative to m/z 91 
when prior activating colliiions were employed, 
whereas for d the abundance changed only from 18% 
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Scheme IV 
to 24%. The result is accommodated by the fact that 
collisional excitation of ion a by 0.11 eV would make 
charge exchange with allene thermoneutral, thus in- 
creasing the charge exchange cross section. These 
experiments failed to produce evidence for internal 
energy effects that might compromise the structural 
conclusions based on the ion-molecule reactions. 
Reaction Intermediate Scans 
The output of the fmal MS3 experiment, type (iii) 
Table 2, a reaction intermediate spectrum, is obtained 
by scanning Q3 while setting Ql and Q5 to select 
particular ions. The reaction intermediate scans done 
in this study employed allene in both Q2 and Q4 
under conditions that favored ion-molecule reactions 
in both regions. The resulting spectrum reveals the 
masses of all intermediates that connect the selected 
precursor and fmal product ions. The aim of this type 
of experiment was to confirm the pathways suggested 
by the sequential product MS3 scans. Two isomers of 
&Hz, c and d, were chosen for examination of their 
reactions with allene to give particular ion-molecule 
products, namely, m/z 79, 91, and 131. 
Figure 1Da and d displays the ionic intermediates 
that connect ions c and d, respectively, and the prod- 
uct ion m/z 91 upon reaction with allene. These 
extremely simple spectra verity that the tn / z 52 ion is 
the main precursor of m /z 91. The ions of m /z 40, 
79, and 119 were proposed above to be the charge-ex- 
changed allene radical cation and its reaction products 
with neutral aIlene (see Figure 2 and Scheme II). This 
is now supported by the observation in the reaction 
intermediate spectra (Figure 1Ob and e) of a large m/z 
40 (ionized allene) contribution to formation of m/z 
79, which is to be expected considering that dimeriza- 
tion of m/z 40 followed by fast hydrogen loss leads 
directly to m/z 79 (see Scheme II). The low abun- 
dance of m/z 40 and 79 in Figure 10a and d elimi- 
nates the possibility that allene ions are important in 
the mechanism of m/z 131 formation through m/z 91 
(Scheme I), and their low Intensity in the reaction 
intermediate spectra connecting m/z 52 and m/z 131 
(Figure 1Oc and f) verities directly that these ions do 
not contribute significantly to m/z 131 formation. 
Note, in particular, the direct evidence for the two-step 
addition of allene to generate m/z 131. The m/z 91 
peak (the immediate fragment of C&2 addition to 
aIlene) adds a further allene molecule to form m/z 
131. The fact that m/z 52 itself occurs as an interme- 
diate to m/z 131 allows the possibility of a one-step 
(termolecular) addition in 44 of two allene molecules 
to C,Hz. However, thii result can be better inter- 
preted as a result of multiple collisions, which are 
expected at the pressures employed in 44. 
The behavior of ions c and d in the reaction inter- 
mediate spectra is similar, but significant differences 
occur. These differences are similar in magnitude to 
those seen in the other types of spectra examined and 
are largely a reflection of the extent to which charge 
exchange occurs. The reaction intermediate spectra 
give some insight into the relative contribution of 
charge exchange products. The increase in relative 
intensity in Figure 10a and c of the ion at m/z 40 and 
m/z 79 over that in Figure 10d and f shows that the 
pathways to products m/z 91 and 131 through the 
charge exchange ion m /z 40 are of more importance 
for ion c, consistent with its higher ionization energy 
(Table 1). 
Conclusion 
It is relatively simple to distinguish the isomeric C,H: 
ions on the basis of their ion-molecule reactions but 
difficult to do so by conventional CAD methods. This 
is both because of the milder conditions used to per- 
form ion-molecule reactions and because bond-form- 
ing processes allow a greater variety of products than 
bond cleavages, especially in small hydrocarbon ions. 
The cyclobutadiene radical cation d is especially easy 
to distinguish by its unique reactions with each of the 
four reagent neutrals employed herein. In addition, 
the reagent allene was shown capable of distinguish- 
ing ion b, whereas reactions with thiophene distiu- 
guishes ion a. To determine the set of four C,H: 
isomers one need simply apply the alIene and thio- 
phene reactions. A methodology is now available us- 
ing instruments limited to low collision energies to 
distinguish these isomers by reactions with the reagent 
gases used herein. An expected application is exami- 
nation of CIHp isomeric content from other precur- 
sors by comparison to reactions of the precursors 
used here. On the basis of these characteristic ion- 
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Figure 10. Reaction intermediate spectra for ions c (a-c) and d (d-f) using allene in both collision 
quadrupoles (42 and Q4) and scanning Q3 for all intermediates connecting m/r 52 (mass-selected 
in Ql) and m/z 91 for (a) and (d), 79 for (b) and (e), and 131 (mass-selected in Q5) for (c) and (f). 
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molecule reaction products, ion c was detected under 
the ion-molecule conditions used here as the major 
constituent of the C,H: population formed by 70-eV 
EI of benzene (3). Also, negligible amounts of ion d 
were observed for precursors 2, 2, and 3. These 
results are in very good agreement with the conclu- 
sions of recent NRMS studies [22, 241. 
The pentaquadrupole with its three mass analyzers 
and two reaction-collision cells allows the products of 
ion-molecule reactions to be explicitly characterized 
by a subsequent step of collision-activated dissocia- 
tion. Such a sequence of processes is used to provide 
detailed information on the ion chemistry of ionized 
cyclobutadiene. In addition, ion-molecule reactions 
were performed ‘in both reaction regions, and the 
nature of the ionic intermediates connecting specific 
reactants and products was elucidated through the 
reaction intermediate scan. 
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